





1. Test of approach pipe--The slope of the influent pipe was set at 6 percent to give the
same scaled model velocity that would correspond to the velocity in the prototype pipe partly
full at 2 percent slope. The lower end of the pipe was transparent to allow the hydraulic jump
and any air entrainment to be observed. The pipe was operated at maximum prototype flow, 232
/s (868 m3/h or 5.5 Mgal/d) and at other, lesser flow rates in a vain effort to discover
whether problems would develop. None did.

Water at super-critical velocity impacting the impounded water in the partly-drowned
pipe formed a rather weak jump at about 2 m (6 ft) from the basin. The Froude number was
estimated to be 2.8--an oscillating jump according to Chow [7]. The jump entrained a modest
amount of air bubbles that rose to the soffit of the pipe to form a series of air pockets. The
largest air pocket was about Dp/4 deep by 2 Dp long (where Dp is the inside diameter of the
pipe), but it persisted only a few seconds. Most air pockets were less than Dp/8 deep and Dp long
and they migrated downstream. At the entrance of the basin, the air quickly rose to the surface.

Model tests with air are not directly applicable to prototypes unless Froude, Reynolds,
and Weber numbers are equal for model and prototype. To achieve the proper model fluid
velocities, the approach pipe was inclined at 6 percent, whereas the prototype gradient was 2
percent. Consequently, bubbles that would escape to a free water surface in the prototype were
trapped due to the short length of free water surface in the model. The low model fluid velocities
were able to drag small air pockets downstream, but in the prototype, the velocities required to
do so are very high. Nevertheless, the model results were encouraging, because it was apparent
that size of air pockets was self-limiting. Large air pockets tended to move upstream, but they
quickly broke up into small ones that were dragged into the basin.

Approach pipes will collect solids while partially drowned, so it will be necessary to flush
the pipes frequently. As it is possible that impounded water may persist in the lower part of the
pipe for long intervals, it. might be necessary to program the controller to pump the basin to
LWL often to allow the super-critical velocities to wash solids to the basin. An alternative or
supplementary scheme is to install a sluice gate in the upstream manhole for flushing the pipe.

2. Test of Pump 2--Air bubbles created by the hydraulic jump in the approach pipe
entered the basin in a steady stream. The jump moved downstream and entered the basin when the
water depth in the pipe reached 0.06 Dp. When the water level dropped below the invert by only
0.23 Dp, air entrained by the free fall began entering Pump 3. When the level dropped below the
invert by 0.51 Dp, air entrainment into Pump 2 became too great. These results prove that even
small free falls (less than 0.3 m or 1 ft) cause air entrainment in pumps and should not be
allowed. No organized vortex activity was observed throughout the range of water levels.

3. Test of Pump 1--Little air was entrained by the hydraulic jump when the jump was in
the sewer. There was no "burping" of air slugs into the wet well. A smooth transition occurred as
the hydraulic jump came down the sewer and entered the wet well as the water level was lowered
to about 0.2 Dp below the invert. Air entrained by the free fall from the sewer to the water

surface was carried to Pump 1 and began to enter it when the water level reached about 0.5 Dp
below the invert. No organized vortex activity was observed throughout the range of water levels.

imul lean-
Horizontal flow experiments at sub-critical velocities at Montana State University (see

Section V.B.b) had established close similarity between the transport rates of a bed of sand at
prototype velocity and a bed of carbon at model velocity. The carbon was Calgon GRC-20 6x16
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grahular activated carbon wet screened to pass the No. 6 sieve and be retained on the No. 16
sieve. So the model was loaded with carbon to the profile of the sludge measured at Kirkland. See
Figure 2. Pump 3 was adjusted to represent full speed, and the inflow was adjusted to model a

flow rate of 66 L/s (240 m3/h or 1.5 Mgal/d), the estimated observed flow rate at Kirkland.

In the upstream half of the model, carbon did not behave like prototype sludge.
Turbulence due to the waterfall from the inlet suspended the carbon in a roiling motion that
swept the upstream half of the wet well clean before the water depth fell to 1.27 D. Where no
turbulence existed, as in the downstream half of the wet well, carbon did behave like sludge.

Near the end of the test, the water began to turn opaque due to the abrasion of the carbon
in the recirculation pump located at the downstream end of the manifold into which the suction
intakes discharged. Only about half of the carbon passing through the pump was reusable. To
counteract this problem would require separation of the carbon before pumping the
recirculating water. Any separator would have to be both large and capable of sustaining a
vacuum--an expensive and somewhat impractical vessel.

Difficulty was experienced in this first carbon test in properly controlling the wet well
water level. In the prototype, the water level falls from the pipe invert elevation to the lowest
attainable level in about 1.5 minutes. In the model test, however, it took 5 times as long to fall
a comparable height because the pump and siphons were partially blocked with carbon.
Ordinarily, a second test would have been made with modifications of the apparatus to prevent the
blockages. But as carbon did not mode! sludge in turbulent regions and enough had been learned
about the behavior of both sludge and carbon in these and other studies, water velocity alone was
sufficient for evaluating clean-out potential. '

The carbon, however, had served its purpose. It focused attention on the movement of
sludge to a downstream pump intake, it emphasized the requirement for producing unobstructed
flow at high (greater than 1.2 m/s or 4 ft/s) velocity along the bottom of the trench during
cleaning (a conclusion corroborated by surveys of prototype pumping stations and hydraulic
tests of sand in the laboratory), and it produced the information needed for designing the self-
cleaning aspects of pump intake basins. To achieve velocities higher than 1.2 m/s would require
an ogee entrance to convert potential head to energy head. All subsequent models incorporated
this feature. - ‘

D. TRAPEZOIDAL SUMPS FOR SUBMERSIBLE PUMPS

Tests on the Kirkland model made it evident that: (a) to reach high velocities along the
floor during clean-out, the potential energy of the influent must be preserved as kinetic energy
by flowing down an ogee entrance, and (b) symmetry would contribute stability to the currents.
Furthermore, submersible pumps are usually C/S units (although V/S can be used), so the wet
well must have sufficient volume. To prevent a cascade during normal operation, the approach
pipe must discharge at LWL and it may slope upward at a severe gradient to HWL. Storage in the
pipe augments storage in the basin.

The addition of these features to the design resulted in greatly improved performance.
. First Model

The first model tested is shown in Figure 18 wherein dimensions are converted to
prototype .units in both Sl (metric) and U.S. customary (feet and inches). The pumping capacity

chosen for the prototype was 75 L/s (270 m3/h or 1190 gal/min). As the model was built on a
linear scale ratio of 1/4.0, the corresponding model flow rate was 2.34 L/s (0.083 ft3/s).
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The large triangular flow splitters (horizontal fillets) between pumps were added to induce
uniform flow down both sides of the trench. The top of the ogee was a wide gently-curved
surface. At pump-down, the influent spread laterally over the entire surface, thereby causing
concern that solids would be deposited and remain there because of low currents in that region at

all water levels.
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Figure 18. Self-cleaning pump sump with triangular flow splitters for C/S submersible
pumps. '

1. Single pump tests--In general, operation of single pumps at the calculated station low
water level (LWL) demonstrated good approach flow conditions to the pumps with little adverse
phenomena other than anticipated floor vortices. All tests were performed at a prototype intake
to floor clearance of 100 mm (4 in) or D/2. Note that all following dimensions are converted to
prototype values. Floor vortices would intermittently coalesce into well defined dye cores but
free from vapor or debris entrainment.

During operation of Pump 1, the hydraulic jump characteristics of the influent sewer
jet were observed. At a water level of 125 mm (5 in) above the invert, the velocities measured
were: 2.5 m/s (8.2 ft/s) at the exit of the influent pipe, 1.6 m/s (5.2 ft/s} at the surface
immediately upstream from Pump 1, 0.7 m/s (2.2 ft/s) near mid depth upstream from Pump
1, and 0.1 m/s (0.4 ft/s) near the upstream base of Pump 1. Very little surface current was
evident between Pumps 2 and 3. At a water level of 29 mm (1.15 in) above the invert,
however, the current descended the ogee and the velocity immediately upstream from Pump 1
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was 0.15 m/s (0.5 ft/s) at the surface, 0.5 m/s (1.5 ft/s) at mid depth, and 1.2 m/s (4 ft/s)
near the floor. Clearly, the hydraulic jump should be confined within the influent pipe by
drowning the exit. At water levels less than the minimum recommended level of 125 mm (5 in)
above the influent sewer invert, a hydraulic jump was present immediately upstream of the
Pump 1 casing which resulted in upwelling against the motor and impact velocities of 1.5 m/s
(5.2 f/s). Such velocities might be too great and if so, baffles may be required. A simple beam
spanning the width of the wet well would probably suffice. At water levels higher than 125 mm
(5 in) above the invert, the jump moved upstream into the sewer and the upwelling was
eliminated. Consequently, LWL for normal operation was established at 150 mm (6 in) above
the sewer invert. ‘

Testing of Pump No. 2 revealed a potential weakness in the existing horizontal flow
splitter design, which was probably responsible for the occasional high (7.20) pre-rotation
measured during this test. The breaks in the flow splitters between pumps permitted flow
expansion to exist immediately below the pump intake--an unstable condition. This condition
occasionally produced an unwanted circulation, encouraged by the guide rails and discharge
piping situated along one side of the wet well. As Pump 2 was positioned at the center of the wet
well, the approach flows consisted of a combination of floor level currents from the Pump 3 side
and surface currents from the sewer. These currents sheer at the body of Pump 2 and cause
some significant eddies, although they were not observed to enter the pump. Performance
otherwise was acceptable for this condition.

Operation of Pump No. 3 produced good surface and subsurface currents approaching the
pump. Eddies shed from the bodies of Pumps 1 and 2 and particularly from the pump guide rails
were subdued and did not produce vortices entering the pump. Pre-rotation at the pump
impeller was low and attributable to the symmetrical approach currents entering the pump. The
end wall fillet was particularly beneficial for good approach flow, since it redirected flow into
the intake and thus prevented the development of a broad circulation current. At normal LWL, a
surface recirculation occurred between Pump 1 and the influent sewer exit, but all other
surface flow approached Pump 3 uniformly.

2. Multiple pump tests--During tests of two duty pumps, the water level was held at
500 mm (20 in) above the sewer invert. All three combination tests demonstrated similar flow
patterns and were typically characterized by good performance. The floor vortices previously
mentioned were still present and the eddies from guide rails and discharge piping persisted. .
Movement past the pump casings was uniform and did not demonstrate any potential problems.
Pre-rotation was low and surging of flow entering the pumps was minimal.

The most prevalent concern identified during combination tests was due to low velocity
zones in the upstream corners of the wet wells where grit and solids would probably
accumulate. Velocities in these areas were typically lower than 60 mm/s (0.2 ft/s) which also
presents an opportunity for vortices to form due to shear from the adjacent influent jet.

3. Clean-out operation--Clean-out operation was performed with Pumps 2 and 3
operating because Pump 1 was not anticipated to contribute to the removal of grit due to air-
binding. When water levels approached scour depths, the flow splitter between Pumps 1 and 2
and the pump discharge nozzle and piping presented significant disruptions in the flow. These
obstacles caused hydraulic jumps and energy dissipation which slowed the flow significantly.
The channel velocities downstream of Pump 1 along the discharge piping side of the flow splitter
were typically lower than 0.6 m/s (2 ft/s) and reverse currents were observed.

4. Critique--Tests of this configuration revealed a few weak points. The flow splitters
positioned between pumps should be removed or modified. The presence of discharge piping
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elements in the channel continued to block the flow partially and cause upwelling. It was
thought that tapered wing walls would eliminate the upstream corners where grit could
accumulate and vortices could form, and that these wing walls could improve clean-out by
removing areas of the sump which cannot be scoured by the influent jet.

Some device, such as a horizontal beam across the width of the sump, should be added to
break up the influent jet at lower water levels. Otherwise, excessive loads may occur on the
motor casing of Pump 1. The beam should be positioned such that the lower edge is coincident
with the sewer invert with the upper edge reaching almost to the midpoint of the sewer.

b. Second Model

Tapered wing walls were installed to confine the flow and prevent deposition and eddies. A
horizontal beam (velocity breaker) was added to break up the jet from the influent pipe. The
beam was reasonably effective, but it would undoubtedly collect stringy material and be difficult
to clean. The massive triangular flow splitters of Figure 18 were replaced by a full-length steel
plate that, as shown in Figure 19, fit closely around the pump volutes. Unfortunately, this flow

splitter would, no doubt, also collect stringy material.
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Figure 19. Plate-type flow splitters in submersible pump intake basin.

This design distinctly improved normal operation, but clean-out was still poor. Clean-
out tests were performed for this configuration using fine sand in the model instead of the.
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granular carbon previously used. The sand provided a more realistic representation of the
movement of grit under the turbulent scouring action of the hydraulic jump. The sand also
provided a more conservative estimate of the potential for clean-out in the prototype. After a
stable water level was reached during pump-down and the hydraulic jump formed at the base of
the ogee, it took from a half-minute to 1-1/2 minutes to remove sand between the ogee and
Pump 2. But to scour sand from the middle of the floor between Pumps 2 and 3 required another
3-1/2 minutes, and to remove all but a thin strip of sand along the edges of the fioor required
still another 2 minutes. During the next 2-1/2 minutes, Pump 3 continued to operate without
air binding, although considerable air entered the "pump.” The flow down both sides was
uniform, so the thin flow splitter was effective and did not cause unstable flow as the triangular
flow splitter did. '

. Third Model

The third model was similar to the second except that the floor was "excavated" to form a
narrow trench as shown in Figure 20. Suction bells projecting into the trench were added to the
pumps. (For some prototype pumps, the suction bell could be a standard flanged flare.) The
velocity breaker was fabricated from pipe.
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Figure 20. Trench-type sump for submersible pumps.

1. Normal operation and clean-out--At normal operation, this model performed as well
as the second mode! and was greatly superior to either of the other models for clean-out
operations. After pump-down was reached, the sand between the ogee and Pump 2 was scoured
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out in 3/4 minutes. Only another 1/4 minute was required to clean the floor to Pump 3. From
start to finish, all sand was removed in 68 seconds, a great improvement over the performance
of the second model. Some of the improvement may have been due to better operational
procedure, but the trench was obviously the main source.

2. Mixers--One way to clean a sump is to mix the contents thoroughly for a minute
before starting a pump and to continue mixing for two to five minutes depending on the size and
configuration of the basin. The basin can thus be kept continuously cleaned. The concept of a
submersible motor driving a propeller was mvented by ITT Flygt Corporation and mixers are
now made by several manufacturers.

A typical mixer for a pump sump containing three pumps with a firm pumping capacity
of 150 L/s (540 m3/h or 3.4 Mgal/d) would consist of a shroud about 0.7 m long by 0.35 m
(28 in x 14 in) in diameter enclosing a 1 to 2.2 kW (1.3 to 3 hp) submersible motor driving a
225 mm (9-in) propeller. The entire device would weigh about 50 kg (110 Ib) and can easily
be placed and oriented in any position.

A demonstration mixer 300 prototype mm (12 in) long with a 3-bladed propeller 200
mm (8 in) in diameter driven by an encapsulated d.c. motor was supplied by ITT Fiygt and
installed at mid depth between Pumps 1 and 2, oriented at 45° downward toward Pump 2 intake.
The current generated upwelled between Pump 3 and the end wall. When the pumps were
started, the sump was cleaned while the water level was kept at 500 mm (20 in) above the
invert. The cleaning was complete.

Mixers have much to recommend them. They are effective, small, easily placed and
oriented as desired, and use little power. On the other hand, they add machinery and
maintenance. It seems preferable to provide for cleaning by geometry where possible (as in new
pump intake basins) and to use mixers for retrofitting existing sumps.

3. Critique--Although it may be possible to have all intakes at the same critical
elevation at some particular installation, there is no margin for error and no assurance that
"rooster tails" or standing waves cannot interfere with the super-critical flow. Therefore, it is
better to have all upstream pump intakes well above the critical depth or even above the jump
and to have the last intake close to the floor. A good way to meet this recommendation is to set all
pumps at the same elevation but lengthen the suction bell for the last pump.

The anti-rotation baffle at the end pump might better be attached to the suction nozzle
and designed for minimum clearance (say, 25 mm or less) at floor and end wall. Stringy
material caught in this space would not interfere with the pump.

Floor vanes under upstream pump intakes and a 900 cone under the last pump intake
would reduce the pre-rotation. Floor vanes and cones must be installed with accuracy.

E. ROUND SUMPS FOR SUBMERSIBLE PUMPS

Limited tests were made on the round sump shown in Figure 21. Observations with dye
showed excellent flow patterns both for clean-out and for normal operation. The sharp nose of
the flow splitter downstream of the end of the influent pipe was considered unacceptable because
it would quickly be fouled with stringy material.

The design was abandoned because the investigators thought that consulting engineers

would not accept a design so difficult to form. The success of the Vallby and Clyde stations
rendered model tests of small, round, duplex pump sumps unnecessary.
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Figure 21. A round self-cleaning pump sump at ENSR.
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SECTIONV
MODEL STUDIES AT MSU

Models of rectangular pump sump trenches and pump intakes were studied in the
Department of Civil Engineering hydraulic laboratory at Montana State University by Sanks,
usually working alone but sometimes assisted by other university personnel. Of the research
completed, enough is presented herein to support the conclusions and recommendations of

Section Il.
A. FACILITIES

Although the small size of the facilities would not permit the use of a complete pump
sump model, they were adequate for studies of the trench, pump-down, and cleaning. Flexibility
was a distinct advantage denied in the large ENSR or Fairbanks Morse models except at great
expense. ' ‘

a. Flume

The basic container was the flume depicted in Figure 22. The addition of plywood sides at
the headworks allowed a model of the Kirkland sump (minus the sloping side and widened upper
section) to be built at a linear scale ratio of 1/3.63. The supply pipe valve was fitted with a
large quadrant to enable quick adjustment of inflow. Baffles for regulating fluid depth or a plate
containing a vee-notch weir could be inserted into slots at the downstream end. The slope of the
flume could be set anywhere between zero and three percent. Fluid depth was measured with a
movable point gauge.

Inserts to represent end walls, influent pipes, ogee ramps, and the like could easily be
clamped in place. The sand trap underneath could entrap all the solids removed at pump-down
for reuse. The water supplied in these experiments ranged from 40 to 780 L/s (144 to 2800

m3/h or 0.9 to 17.8 Mgal/d) converted to prototype values.
. "Pumps" or Siphon

Prototype pumps were represented by siphons. The principal siphon is shown in Figure
22. The suction bell, made by ENSR, is transparent acrylic and fitted with a rotor for
measuring pre-rotation or swirl. A long pointer and a large quadrant allowed the ball valve to
be set to deliver any prototype flow rate between 35 and 200 L/s (130 to 720 m3/h or 560 to
3200 gal/min) £5 L/s. A somewhat more accurate setting could be obtained with patience and
the use of the vee-notch weir and venturi meter. Near the end of the project, a pitot tube was set
into the siphon and connected to an air-water manometer that was inclined at 450 for greater
sensitivity and convenience. :

The siphons were set in saddles that could be positioned anywhere along the flume, and
they were held in place by bungee cords. Exact location was obtainable by rotating the siphon
about its vertical axis so that the horizontal leg (made extra long) swept over an arc that
permitted the bell to be centered or even to touch either side of the flume. Floor clearances were
accurately set by means of wooden "“feeler” blocks.
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Figure 22. Model of trench of improved Kirkland pump intake basin.

ritical M remen

Critical measurements are similar in most respects to those for research at ENSR
described in Section Ill.B.a, namely:

1. Pump performance.
Pre-rotation. Measured by a neutrally- pltched rotor in the suction bell

over a time interval of 5 minutes or more.

Output flow rate. Measured by the difference between the venturi meter
and the vee-notch weir flows for a single pump or by the pitot
tube for multiple pumps and sometimes for a single pump.

Vortex formation. Visual observation of dye.

Bubbles entering pump. Visual.

2. Movement of solid deposits.

Elapsed time for front face to move a measured distance or for all but a

few particles to be ejected.
3. Pump sump performance.

Vortices.

Stable hydraulic conditions as delineated by dye.

Velocity past pump intakes. Dye and calculations.

Scouring time to eject deposits.

Hydraulic jump. Visual observation and speed of transit.

Criteria for accuracy and precision are given in Table 3.
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TABLE 3. CRITICAL MEASUREMENTS AT MSU

Observation Device Allowable  Precision Accuracy
error error error
Total flow Venturi 5% 0.2 -1% 1-2%
Overflow Vee-notch & point gauge 3%aib 0.1 - 1%2 0.5 - 2%
Pump Venturi & vee-notch 6% 05 -2% 1- 4%
Pump Pitot 6% 12 - 1% 5 - 6%
Pre-rotation Rotor 10 0.10 0.50
Currents Dye & stopwatch 20% 15% 20%
Vortices Visual Classification: see Figure 6
Currents v=CQA 10% 2 - 3% 5 - 10%
Scour Stopwatch 20% 1% 5 - 20%

aError is expressed as percentage of normal pump flow, not weir flow.
bExcept for intake proximity, floor clearance, and current past intakes. (See text.)

A regression analysis of the gravimetric calibration of the venturi meter yielded an R2
of 0.99991, and R2 was 0.99998 for a later volumetric calibration. For the vee-notch weir,
R2 was 0.9988. Flow rate for a single pump in steady-state flow was obtained by setting the
inflow from 2 to 10 percent higher than the pump rate and measuring the excess with the vee-
notch weir. So the error in weir discharge is best expressed as a percentage of pump flow.

High accuracy is not needed for observing currents, cleaning capability, and other facets
of performance. But to determine the effects of proximity of intakes, floor clearance, cones
versus flat floors, only tiny differences in flow rates are expected, and very precise
measurements are desirable. As the most appropriate instrumentation was unavailable, great
pains were taken to get the best from the facilities on hand and to plot curves of trends as the
variables were manipulated over a wide range.

B. SCOUR OF DEPOSITS

At the beginning of the project, it was thought necessary to use a fluid mix comparable
(in physical characteristics) at model velocities to raw wastewater (which contains scum, .
stringy material, organics, and grit) at prototype velocities. Each individual component was
indeed successfully modeled with a particulate substance that could be screened out to avoid
contaminating the laboratory sump. Short strings were adequate for stringy material, floating
plastic beads represented scum, saturated sawdust was scoured and transported at model
velocities just as organics at prototype velocities, and granular activated. carbon was a good
substitute for grit. But when the components were mixed, the behavior was abnormal. Mixed
deposits were washed away too quickly, so wastewater could not be modeled with a mix of
different kinds of particles. :

During the visits to the pumping stations described in Section Ill, scum was found to be
easily removed when the area occupied by the scum was sufficiently confined near a pump
intake. The narrow trench confined the width, and the currents pushed floating material toward
the back wall, so during pump-down the area occupied by scum was small indeed. When the
submergence of the intake fell to about 0.8 D, the Type 5 vortices formed quickly sucked the
scum into the pump. So scum was no problem and neither was stringy material (rags and
paper). The real problem was moving bottom deposits of sludge (organic material and grit) to
the pump inlets for discharge into the force main. Sludge could not be entirely removed from the
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Kirkland or Steilacoom pumping stations even with three successive "cleanings". So what was
really needed was a material that would, in successive pump-downs, result in deposits like
those in Figure 2. Thus, while there was no need for a model sewage, there was a need for a
model sludge.

From model tests both at ENSR and MSU, granular activated carbon was suspended too
easily by turbulent currents to represent sludge. Sand, however, was excellent and in model
tests with sand, the profiles of deposits after a cleaning cycle were satisfyingly similar to those
shown for the Kirkland station in Figure 2. Consequently, a single-component substance, sand,
was successfully used to represent sludge. Absolute similarity between model and prototype
cleansing was not important. it was only necessary to compare the original Kirkland model with
improved successors to choose the best design. The final design was more than an order of
magnitude better than the Kirkland model.

. Grit Movemen Pr Fluid Velociti

The plywood wall in the flume (Figure 22) was moved to make a channel 100 mm (4 in)
wide. Tests with sand at two depths, 50 and 100 mm (1 and 2 in), were made for deposits 1 to
2.4 m (3 to 8 ft) long at prototype fluid velocities ranging from 0.6 to 1.4 m/s (2 to 4.6 ft/s).
When a flow of water was deflected into the channel, the sand front became thinner, then began
to move slowly at first, then faster. The average rates of movement are shown in Figure 23. The
size of particles had little effect on results. Large (4.75 mm) particles moved as readily as
small (0.59 mm) ones.

Nominal (clean bed) water velocity, m/s‘I
0 0.5 1.0 f 10

Movement of sand front, m/min
Movement of sand front, ft/min

0 1 2 3 4 5 6
Nominal (clean bed) water velocity, ft/s

Figure 23. Average rate of sand movement as a function of fluid velocity.

b. Scour in the Kirkland model

To furnish a standard for comparison, the Kirkland pump intake basin was modeled as
faithfully as possible. The unique shape at the entrance (see Figure 1) could not be modeled, but
the influent pipe was set to discharge water in a free cascade to splash off center on the flat fioor
just as it does at Kirkland.
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A uniform layer of sand 50 mm (2 in) deep in prototype units completely covered the
flat floor. The basin was filled with water carefully so as not to disturb the sand. The infiuent
flow was set at 66 L/s (237 m3/h or 1.5 Mgal/d), and Pump 3 was set at twice that amount, so
of course, the water level was rapidly lowered to its minimum depth--0.7 D. Because of the
formation of a Type 5 vortex beside the pump intake, the pump became self-regulating to match
the influent and the water level could not be lowered further.

Aithough the trench was cleaned in the vicinity of the cascade and directly under the
suction bell, only 8 percent of the sand was ejected. The nominal velocity of the water over the
sand bed was approximately 0.37 m/s (1.2 ft/s). Such a low velocity is, according to Figure
23, below the threshold for transporting sand.

A second test was made with the influent flow rate increased to 132 L/s (474 m3/h or 3
Mgal/d) to see how thoroughly the basin could be cleaned under the best operating conditions.
(See Section 11.C.d). Under these conditions, most of the sand was ejected in 2 minutes, but some
was left, notably a bank of sand in a stagnant area upstream from Pump 3. As shown in Figure
24, counterclockwise currents between Pump 3 and the end wall caused the stagnation. After
another 22 minutes, all but a few grains of sand were ejected.
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Figure 24. Flow patterns around Intake 3 in replica of the original Kirkland Pumping Station at
pump-down.

During normal operation, at a pump intake submergence of 2 D, vortices of Types 3 to 4
formed near the end wall. But if the wall was tilted to the vertical, vortexing was less severe
and the severity continued to decrease as the wall was moved closer to the suction bell.

. r in the improved Kirkland m |

It was clear that, by allowing the influent to flow down an ogee ramp to convert the
potential energy of the water to kinetic energy and thereby obtain high velocity, the
effectiveness of cleaning could be greatly improved. The ramp is shown in Figure 22. Note that
the vertical end wall is only D/4 from the edge of the suction bell, and the pump intake is
lowered to D/4.

At pump-down, a hydraulic jump formed at the toe of the ogee, but it progressed only
halfway to the end of the channel before becoming asymmetrical due to circulation behind the
pump intake as shown in Figure 24. Large, triangular flow splitters like those in Figure 18
were installed between pump intakes. They were not effective, nor was the effectiveness
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improved by installing the triangular flow splitters up the ramp. Substituting high (0.7 D)
thin plate flow splitters was no improvement either. The anti-rotation baffle shown in Figure
25 between the pump intake and the rear wall was completely effective, however, so all
subsequent tests were made with the baffle and with the cone and vane under the bell in place.
Some swirling occurred without the vane but virtually none with it. Neither cone nor vane was
installed in the Fairbanks Morse pump sump where the anti-rotation baffle was sufficient by
itself to produce symmetrical approach flow. Swirling in the Fairbanks Morse pump sump could
not, however, be observed because no rotor meter was installed.
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Figure 25. Details of Intake 3 of improved Kirkland Pumping Station.

Pump-down with the same sand bed described in Section V.B.b (50 prototype mm deep)
-and with an influent flow rate of 85 percent (112 L/s, 403 m3/h, or 1800 gal/min) of Pump
3's capacity was superb. Within 25 seconds from the formation of the hydraulic jump at the toe
of the ogee, the jump had progressed downstream to just in front of Pump 3 and all sand was
ejected. Note that in tests of the Fairbanks Morse prototype, sand was ejected in 23 seconds. The
surface of the water at super-critical velocity was well below the upstream intakes, so, of
course, upstream siphons lost prime. The downstream siphon did not. If removal of the last bit
of sand is the criterion, the improved model was nearly 60 times as effective as the Kirkland
model!

If the siphon valve setting was unchanged, the maximum capacity at pump-down was no
more than 85 percent of capacity at normal depth because of the reduced capacity due to ingested
air. The effect of air on prototype pumps might be less or greater. But the reserve of scouring
capability with this design is so great that the reduction in flow rate is not significant.

Note that there is no difference in either cleaning procedure or effectiveness between
basins for V/S and C/S pumps.
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C. OTHER OBJECTIVES

With so much effectiveness having been developed for cleaning, the rest of the research
was devoted to various factors affecting hydraulic performance during normal operation, such
as: allowable currents past pump intakes, proximity of other pump intakes, optimum floor and
end wall clearances, fillets at end wall, effectiveness of straightening vanes in floor, bell, and
walls as well as the general performance of currents.

Floor Curren

The effect of currents past a pump intake is an important factor in design and, indeed, in
choosing whether to use pumps in tandem at all. A number of experiments were made at
prototype pump intake velocities of 1 and 1.5 m/s (3 and 5 ft/s) with currents of 0 to 2.7 m/s
(0 to 9 ft/s) past the intakes. Performance was evaluated on the basis of pump (siphon)
discharge aided by observation of dye patterns. But neither discharge nor dye is adequate to
measure performance for column pumps with impellers adjacent to the mouth of the suction
bells. Velocity distribution and fluctuations in the throat of the bell are required for an adequate
assessment of the effect of approach velocities on column pumps. Pump discharge is, however,
adequate for assessing the performance of a dry pit or self-priming pump because impellers are
far from intakes and are therefore more affected by piping configuration than by moderate
irregularities in the intake.

Currents past the pump were based on inflow to the flume minus the pump discharge
divided by the wetted cross-section of the flume. Plug flow (true velocity everywhere equals
average velocity) was obtained by installing a fine screen upstream from the pump so as to
create a slight head loss and produce uniform velocity. Visual observation of dye proved
currents were indeed uniform. Pump discharge was measured with the pitot tube. Water level
was controlled with baffles at the downstream end of the flume. Three successive measurements
per determination with a maximum reading deviation of 1 mm were required.

A straight line fit of all results showed discharge decreased only 3.1 + 1.5 percent per
m/s of current (0.95 + 0.45 percent per ft/s of current). As currents at pump intakes in
trenches are very low (see Sections Ill.F.g and 1V.C.b), their effect on pump discharge is
negligible. :

._Floor Clearance for Pump Intak

Appropriate floor clearance is controversial. The cylindrical area of the waterway under
the bell rim is TDZ, where Z is the floor clearance. The area enclosed by the rim is nD2/4, so
the two areas are equal when the floor clearance is D/4. Of course, the nominal velocity under
the rim equals that across the bell mouth, so D/4 is the minimum that can prevent turbulence
due to expanding flow. Dicmas [4], acknowledging that D/2 is a generally accepted standard
value, shows that relative to standard pump performance, the head loss at D/4 is 0.5 percent,
zero at D/3, a gain of 0.4 percent at 0.4 D or 0.5 D, and zero again at 1.0 D.

Pump-down tests with Pump 3 intake D/4, D/3, and D/2 from the floor were made to
find the effect of floor clearance on the hydraulic jump. From the results in Table 4, the intake
must be no more than D/4 above the floor. If D/4 is less than 75 mm (3 in) a pit under the
intake is required to pass large solids.
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TABLE 4. BELL CLEARANCE VS. FLOW RATE FOR AN ADEQUATE HYDRAULIC JUMP

Floor clearance Required flow rate, Notes
of intake % of pump capacity
D/4 50 Safe
D/3 73 Low safety factor
D/2 98 Unsafe

As a check on the work reported by Dicmas, the effect of floor clearance on the discharge
capacity of pumps was tested. Again, differences were expected to be small, so the work was done
as carefully as described for the previous subsection. The pump was first tested for a floor
clearance of D/2, then (without stopping, touching any valve, or otherwise affecting the pump
discharge rate), the pump was lowered to D/3, tested, then lowered to D/4. The results are
given in Table 5

TABLE 5. PUMP CAPACITY VS. INTAKE FLOOR CLEARANCE

Floor Pump intake velocity
clearance 1 m/s 1.5 m/s 2.1 m/s
3.3 ft/s 5 ft/s 7 ft/s
D/2 100% 100% 100%
D/3 98.4% 100.4% 100%
D/4 98.4% 100.7% 99.4%

D/4 with cone 100% -

The apparently anomalous results were rerun with the same findings. Note that the
precision of manometer readings could result in an error of 0.7 percent.

At the same time, average and maximum angles of swirl or rotation were obtained
without vanes either in the bell or on the floor. The average angle of swirl (using number of
revolutions per 3 minute interval) varied from 0.4° to 2.0°. The maximum angle (using
number of revolutions during the period while rotation occurred) varied from 2.50 to 3.99
except at 2.1 m/s intake velocity where it varied from 3.6° to 5.30.

In conclusion, there is no significant disadvantage in setting bells at D/4 from the floor,
especially if a cone is installed. On the other hand, a floor clearance near to D/4 for the last
pump is prerequisite for cleaning.

¢c. Proximity of Intakes

A series of experiments was made to resolve the uncertainty about the required or
optimum spacing of pump intakes. Again, the only measured parameter of performance was flow
rate, an insensitive indication of performance for column pumps as described in Section V.C.a.
Flow from a middle pump in a group of three was monitored as the outer pumps were moved
closer. With no other siphons yet placed in the basin, the main siphon was set to discharge 131
L/s (472 m3/h or 2100 gal/min) in prototype units as a base of 100 percent. Thereafter,
nothing about that siphon was changed. The other two outside pumps were then added, each

operated with its valve wide open and discharging 153 L/s (551 m3/h or 2430 gal/min). Once
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more, variations in flow rate were expected to be small and the work was done as carefully as
that for Section V.C.a.

The downstream siphon created a current past the main pump that reduced the capacity
of the middle siphon to 98.6 percent. From Table 6, there is no penalty due to proximity until
the clearance between suction bells is less than D/2.

TABLE 6. PUMP CAPACITY AS A FUNCTION OF PROXIMITY

Pump spacing. C. - C.

Description 45D 3D 2D 15D 1.0D
Bells touch
Capacity, % of an isolated pump. 98.6 98.9 984 984 97.4
Capacity, % due only to velocity past intake. 98.6 98.6 98.6 98.6 98.6.
Net effect of proximity, %. ‘ 0 0 0 0 1.2

When the two outside pumps were turned off, they had no effect whatever on the middle
pump even when the bells were touching.

d. Pre-rotation

Pre-rotation or swirling changes the angle of attack on the leading edge of the impeller
and thereby reduces efficiency. Swirling is measured in terms of the angular deviation from
axial flow at the boundary of the pipe by Equation 9. The maximum permissible angle is
considered to be 5°. Swirling is not affected by vortices, because they can pass between the
blades of a stationary rotor. Swirling is diminished by well-defined, uniform currents past an
intake. It can be increased by moving the suction bell off the center line of the trench, and the
direction of rotation can be reversed by moving the bell from side to side. Swirling increases
with intake velocity and becomes severe at velocities exceeding 1.5 m/s (5 ft/s). When
swirling does occur, the rotor (Section IV.B.a) stops, starts, and spins slowly or rapidly,
sometimes too rapidly for counting revolutions except by observing a video at slow speed.
Because water levels change, pumps go on and off, suction bells might be slightly off-center,
and floor currents can be low and unstable, the variety of conditions at intakes is endiess and
predictions of swirling and its intensity are chancy. Consequently, several means to reduce or
eliminate pre-rotation were investigated.

€ Cones and Vanes

Cones under suction bells are unexcelled for eliminating floor vortices. They create
smooth, stable streamlines, and decrease head loss. Two types were tested: one a 909 cone with a
sharp apex in the plane of the suction bell rim whereas the other included the attached vane
shown in Figure 26 a. Although cones are highly recommended, particularly for floor clearances
of D/2 or less, they can not be used under upstream intakes in sumps designed for cleaning
because of interference with water flow at super-critical velocities.

In one test, a simple cone reduced swirl from 100 (with no other anti-rotation device)

to about 19--a 90 percent reduction. Adding a small vane (Figure 26 a) coaxially with the
trench was nearly as effective as adding a much larger vane (not shown) and reduced the
occurrence of swirling in another test from 41 percent of the time for the cone only to 14
percent of the time for the cone with the small vane. The large vane shown in Figure 25
essentially eliminated all swirling at the last intake. The vane of Figure 26 a would be
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unsuitable for wastewater because stringy material would collect on the leading edge. Stringy
material would not collect on the leading edge of the vane in Figure 25, because the edge is
almost parallel with the streamlines. .
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Figure 26. Anti-swirl devices.

Thin (e.g., 12 mm or 1/2 in) floor vanes (Figure 26 b) oriented coaxially with the
trench do not interfere with flow at super-critical velocity, are effective, and are therefore
recommended at upstream suction intakes. For example, the swirling in a suction bell D/4
above the floor and with an intake prototype velocity of 1 m/s (3.3 f/s) is shown in Table 7.
From these results, vanes reduce swirling by about 60 percent with or without floor currents.

TABLE 7. EFFECT OF VANES AND FLOOR CURRENTS ON SWIRLING

No floor current Floor current = 0.48 m 1.6 f
Conditions No vane Vane present No vane Vane present
Angle of swirl g0 3.30 1.70 0.7
Swirl reduction due vane 63 % 59 %
Swirl reduction due current - 81% 79%
Swirl reduction due vane & current 92%
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Vanes also reduce floor vortices although they do not eliminate them as do cones. Vanes
must be designed to pass rags and other stringy materials. Edges sloping at 45° are almost
parallel with flow when the pump is operating, and if the edges are smooth and rounded, the
intake current will wash stringy material away.

Because floor vanes do not entirely eliminate swirling, the bell vanes of Figure 26 b
were tried. The combination of floor vanes and bell vanes virtually eliminated pre-rotation,
both in frequency and angle of swirl during the rare times when the rotor was turning. Of
course, the bell vanes must allow rags and other solids to pass without hindrance, so edges must
be smooth and rounded and the passageway must allow a solid 75 mm (3 in) in diameter to pass.
Bells with vanes might be costly because of the limited numbers needed and special set-ups
required for welding or special patterns for casting, but they are very effective and may well be
worth the added expense.

Both vanes and cones must be anchored in place by some means that leaves no other
protrusions above the floor to interfere with super-critical currents. For example, two
stainless steel bolts 12 mm (1/2 in) or larger should be more than adequate to anchor a vane or
cone in place. The tops of the bolts should be below floor level.

f. End Wall Clearan nd Fill

Vortices tend to form downstream from obstructions such as column pumps or vertical
suction pipes. Currents past the obstructions wash the vortices away while they are still just
swirls and before they can become organized. If there is no current past the pump as occurs at
the last pump, the vortices increase in intensity. Reducing the area downstream from the pump
inhibits vortices. For example, severe vortices occurred in the Kirkland model between the end
wall and the last pump. The vortices were reduced by making the end wall vertical and moving
it closer to the pump. The best distance is the least distance, but D/4 is, perhaps, the best
practical clearance. Vortices can also be reduced or eliminated by increasing the submergence of

the intake.

Another method for reducing the area downstream from an intake is to add fillets in the
corners. There seems to be no way to quantify the benefit, but the fillets are indeed somewhat
beneficial.

. imum Trench Width and Side Wall V X ression

Tests for optimum trench width were made by using (as a worst case) an upstream
intake set D/2 above the floor. There was no downstream pumping, so water downstream of the
intake was practically stagnant. Intermittent Type 2 vortices tended to form at walls beside the
pump intakes when the trench width was 2.5 D. The severity of the vortices increased with a
reduction of trench width. At a width of 2 D, steady vortices of Type 2 or 3 were seen, and the
severity was, perhaps, somewhat less than half that of the strong Type 3 vortex at the flat floor.
But even at a trench width of 1.13 D, the wall vortex did not become as severe as the floor
vortex. The test was not definitive for establishing limits on trench width, but from practical
considerations, little is gained by using a width much less than 2 D, whereas more than 2 D
would tend to interfere with cleaning. Widths of 1.875 to 2 D have been used with satisfaction in
Seattle Metro pumping stations, and a width of 2 D is often illustrated in the literature [1, 2,
8]. '

Trials of several types of vortex suppressors were made in a trench 2 D wide with the

suction bell 0.5 D above a flat floor. The types included cones, long vortex suppressors with
triangular cross-sections, and triangular vanes. All were of some benefit, but the best was the
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long, horizontal vortex suppressor shown in Figure 27. Judging on the basis of dye injection,
this device reduced the severity of the vortices by at least 50 percent.
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Figure 27. Vortex suppressor for walls.

A Type 3 vortex has only a little effect on a pump and can be safely ignored. But even a
vortex of Type 2 in a small model can become a vapor-entraining Type 4 or 5 vortex in a large
model or prototype, so it would be wise to install vortex suppressors in walls adjacent to
suction bells of 400-mm (16-in) diameter or more.

h. Model Tests of the Fairbanks Morse Pump Intake Basin

The improved Kirkland model was rebuilt to represent (at a linear scale ratio of
1/4.33) the experimental pump basin at the Fairbanks Morse Corporation plant in Kansas City
(Section IIl.F.d) so that the shock wave or "rooster tail" could be investigated. A shock wave did
occur but it was insignificant and would hardly have been noticed before tests of the prototype
were made. It seems evident that the shock wave was caused by the lower velocity along the side
of the trench as compared to the middle. If the sides of the trench were very smooth compared to
the bottom, the shock wave might not form at all. Until there is a reliable means for designing
such a unique construction and predicting its performance, it seems prudent to set upstream
intakes at a substantial floor clearance (no less than D/2) so as to guard against interference
from shock waves.

Flow down the ogee ramp was smooth and the water surface downstream was flat. The
flow rate converted to prototype units was 49.7 L/s (179 m3/h or 1.13 Mgal/d). The average

depth of flow at the foot of the ogee was, in prototype units, 30 mm (0.10 ft), so the Froude
number was 5.7--less than that found in the Fairbanks Morse sump because of the greater

friction of a model surface as compared to a prototype surface.
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i. neral rrent P m

Many studies of current patterns were recorded, but because only the trench and not the
portion above the trench was modeled, the current patterns in Figure 16 is more representative
of prototypes. In general, however, the strong surface currents emerging from the influent pipe
diminished all along the basin to the end wall, dived, and the resulting weaker currents moved
upstream just above the trench. So if surface currents are less than 1 m/s (3 ft/s) at the first
pump, currents at pump intakes are sure to be very much less and probably insignificant.

nclusions

The research results prove that a wet well with pumps in tandem and with intakes in a
narrow trench has significant advantages and no significant disadvantages. The wet wells are
small and therefore less expensive than many common types. Cascades and air entrainment are
eliminated and in sewage pumping, odors are less apt to be swept into the atmosphere. The
hydraulic environment for the intakes is excellent. Suppositions of interference caused by
adjacent intakes for dry pit pumps are found to be without substance.
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SECTION VI
RECOMMENDATIONS
A. APPROACH PIPE

The 125-mm (5-in) sloping approach (influent) pipe was tested at only two gradients,
2 and 6 percent and at limited flow rates. The hydraulic jump was never strong enough to
entrain large volumes of air. Instead, the jump was relatively weak and some air could escape
up the pipe. It is imperative to ensure that air pockets can never block the pipe under any
conditions. Until full-scale test are made, designers should not exceed the conservative flow
rates given in Table 1.

If the approach pipe is larger than the upstream pipe, the construction of Figure 28 is
recommended.
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Figure 28. Recommended manhole detail at junction of sewer and approach pipes.
B. SIPHONS VS. PUMPS
The effect of velocity and stray currents has been studied only with siphons--not with
real pumps, and real pumps might be affected more than model studies reveal. Pumps are
characterized by type number or specific speed by the equation ‘
ng = nQ1/2/H3/4 (11)

where customarily in Europe, ng is type number, n is rotation in rev/min, Q is discharge in
m3/s, and H is head in m. Customarily in the U. S., ng is specific speed, n is rev/min, Q is
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gal/min, and H is ft. Type numbers greater than 135 (specific speeds greater than 7000)
indicate impellers that are very sensitive to irregularities in approach velocities. Also, as
pumps of any type get larger, their sensitivity to abnormal fluid approach velocities increases.
Furthermore, large pumps are generally less robust than smaller ones, and a condition that
might not harm a small pump might destroy a large one in a few years.

Research aimed at analyzing intake throat velocities for pumps in different locations in
the trench, at different spacings, at a wide range of water levels and influent flow rates is
needed to establish suitable design parameters for column pumps, particularly those of large
size.

C. CURRENTS IN PUMP INTAKE BASINS

Although currents near pump intakes were found to be very low, only a few
measurements were made and only a few conditions were studied. A fruitful subject for further
research is to determine the magnitude of such currents with respect to inflow, water level,
floor clearance, pumps operating, distribution of velocities in the throats of the intakes, and
dimensions of the basin--especially length and cross-sectional area of the basin above the
trench and the effect of width and depth of the trench. For example, small changes in water level
resulted in quite different current patterns. Unless currents are very low under a wide range of
dimensions and water levels or unless the currents and their effects can be forecast, pumps for
trench-type sumps may have to be limited to those relatively insensitive o currents past
intakes. Otherwise, model tests for specific basins and pumps will be needed to ensure good
performance.

D. FROUDE NUMBERS DURING CLEANING

The limits of acceptable Froude numbers at the base of the ogee and at the last pump
should be delineated. The Froude number at the last pump should probably be between about 3.5
and 8. Froude numbers much less than 3.5 signify a weak jump insufficiently effective for
moving sand, whereas 8 indicates a strong jump that may entrain too much air. As hydraulic
jumps get stronger, more air is entrained, and the Froude number that results in enough air to
cause a pump to air bind is unknown as yet.

E. CALCULATING FROUDE NUMBERS

Froude numbers obtained by ignoring head loss due to friction have unacceptable errors
because friction is very high when velocities exceed 3 m/s (10 ft/s). To include friction head
loss involves dividing the length of pipe or channel into segments and analyzing each in turn by
solving Bernoulli's equation.

z1 +hy +v12/2g = zp + ho + hf + v22/2g (12)

in conjunction with, for example, Manning's equation (Equation 4) and the equation for form
resistance (such as the transition from a round pipe to a rectangular channel)

hf = ¢ v2/2g (13)
wherein z is elevation from a datum plane, h is depth of water, v is velocity, g is acceleration
due to gravity, Subscripts 1 and 2 refer to the beginning and end respectively of a short length,

L, of pipe or channel, hf is friction head loss, and c is a coefficient of head loss. Accuracy
increases with the number of segments, but five or six should be sufficient.
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The equations are implicit which means values of "v" or "h" must be estimated for the
beginning and end of successive segments and the equations checked for equality, then re-
calculated if the error is significant. It is a simple--but an excruciatingly tedious--procedure
if done by hand. The computer, however, can eliminate the tedium. For example, MathCAD is one
of several computer programs that allow the use of a template to solve a particular kind of
problem. Templates can be constructed in about half a day or less by an expert, but even this
amount of time may repel designers, so templates for the various popular computer programs
should be made universally available.

F. MISCELLANEOUS

A number of questions remain to be fully resolved, such as:

What parameters of entrance velocity, length of basin, wetted cross-sectional
dimensions, and depth below the invert of the influent conduit are required to
suppress undesirable floor currents?

What are the velocity patterns in the throats of the suction bells for all intakes?
What are the largest pumps of each type that can be used with confidence and without
model tests?

Can any reasonable construction feature reduce or control shock waves (rooster
tails) downstream from the ogee ramp at pump-down?

How will a trench-type pump intake basin perform if the entrance is normal to the
trench? And what are the critical parameters such as trench width, depth below
influent conduit invert, approach velocity, and (perhaps) baffles?

Can conventional pump intake basins be improved by setting the pump intakes in
trenches (or depressions of other shapes)? :

Will full scale tests alter the hydraulic limitations imposed by Table- 1 on the
approach pipeline for preventing surging or any other undesirable flow conditions?

Can the vane (attached to the bell) at the last pump intake (Figure 26 a) be safely
omitted for all types of pumps? For what kinds and sizes of pumps can vortex
suppressors be safely omitted?

Are there combinations of geometry, size, and flow rate that will guarantee

successful performance in generic trench-type pumping stations for dry pit,
submersible, and column pumps of any reasonable size?
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